and macroevolution of plant pararetroviruses (formally known as Caulimoviridae).
clade is restricted to one plant division (except GECLV 1) (Fig. 2) . The divergence 1 3 7
within one of these clades is comparable to and even greater than that of one known 1 3 8
Caulimoviridae genus. Some gymnosperm and fern EPRVs are not readily classified, To estimate the relative importance of co-speciation and host switching in the correspondence between Caulimoviridae and host phylogenetic trees using the values > 0.05; Table 2 ), suggesting co-speciation might not play a predominant role in EPRVs include MP, AP, RT, and RH, suggesting that the gymnosperm EPRVs exhibit homologs were identified in the consensus genome sequences, possibly due to the 1 7 2 rapid nature of its evolution. However, we identified the zinc-finger CCHC motif, a 1 7 3
hallmark of the CP protein, in PtaeV_2 (GECLV1) and GbilV (GECLV2) (Fig. 3) . CD searches did not find any integrase-like domain, a pattern similar to the angiosperm Caulimoviridae and indicates integration might not be necessary for the replication of gymnosperm EPRVs either. Age estimate of EPRV bursts 1 7 9
Because the genomes of loblolly pine (P. taeda) and ginkgo (G. biloba) were of 1 8 0 relatively high quality and contain rather distinct numbers of EPRVs (Table 1) , they were used to infer the evolutionary dynamics of EPRVs within the host genomes. and G. biloba (Supplemental Table 2 ), suggesting at least four and three independent 1 8 5
EPRV integration events occurring along the lineages leading to P. taeda and G.
biloba, respectively. Based on the mixture analyses and phylogenetic analyses 1 8 7
(Supplemental Fig. 2 ), the ERPVs within the genomes of P. taeda and G. biloba were 1 8 8
classified into four and three families. We failed to find any orthologous integration of EPRVs in different species and distance within each family was calculated to examine the age of burst for each EPRV 1 9 3 family 22, 23 (Supplemental Table 3 ). Our results show that the EPRV proliferation
dynamics were of difference between P. taeda and G. biloba (Supplemental Table 3 ).
But we found all of the EPRV families investigated here experienced proliferation
peaks tens or hundreds of million years ago. Consistently, the EPRV copies contain
many frame-shift mutations and premature stop codons (Supplemental Fig. 4 ).
9 8
However, those analyses come with two caveats: i) it is uncertain whether the EPRV 1 9 9
proliferation activity within the host genome follows the Gaussian distribution; ii) the indicate an ancient origin of Caulimoviridae. In this study, we report the identification of EPRVs within the genomes of Two possible macroevolutionary modes of Caulimoviridae could be conceived: i) for >400 million years and undergone sporadic cross-species transmission (Fig. 5a) ; ii)
Cross-species transmission model: frequent cross-species transmissions predominated 2 3 1 in the evolution of Caulimoviridae (Fig. 5b) . In this study, we failed to find 2 3 2 co-speciation signal between Caulimoviridae and its hosts, suggesting co-speciation
might not be predominant in the macroevolution of Caulimoviridae ( Caulimoviridae, we think that cross-division transmission might not be a rare event
for other plant viruses. is compatible with the fact that we did not find any EPRV in earlier branching plants earlier branching plants is due to no viral integration occurring. However, this 2 4 7 possibility seems to be unlikely, given viral integration is so widespread in closely related species, the proliferation dynamics analyses of EPRVs within two
representative genomes indicate they might have activated within the host genomes ancient monilophyte origin of Caulimoviridae. Unlike EVEs of non-retroviral source, the copy numbers of EPRVs are generally 2 6 0 high (>1,000 copies for 10 out of 16 gymnosperm and fern species), suggesting that 
Identification of EPRVs in plant genomes
The genome sequences of twenty plant species were used to screen the presence (Table S1 ). To identify putative EPRVs within these genomes, we employed a two-step phylogenomic 2 9 7
approach. First, the tBLASTn algorithm was employed to search against the plant and PVCV as queries with an e cutoff value of 10 -10 . Next, all the significant hits and Caulimoviridae. Phylogenetic analyses were performed using an approximate 3 0 7 maximum likelihood method implemented in FastTree 2.1.9 with default parameters 35 .
3 0 8
The copy number of EPRVs within each species was then counted. If length between 3 0 9 hits was less than 5,000 bps and the hits were in the same order as the query, the hits
were treated as a single copy. To further analyze the relationship among Caulimoviridae, phylogenetic analysis
was performed using the RT-RH protein sequences from representative EPRV Reconstruction of consensus genome sequences
Relatively complete EPRV sequences with MP-AP-RT-RH domains with 3 2 7
extended flanking regions (~5,000 bps for each end) were extracted. These sequences
were then used as queries to search sequences with high similarity within their own 3 2 9
host genome using the BLASTn algorithm with an e cutoff value of 10 -25
. The 3 3 0 13 significant hits were aligned using MAFFT 34 and consensus sequences were generated Analysis of EPRV activity within host genomes
Because the genomes of P. taeda and G. biloba were of relatively high quality, we 3 3 7
used their genomes to infer the evolutionary dynamics of EPRVs within the host within P. taeda and G. biloba genomes were extracted independently. These
sequences were aligned using MAFFT and consensus sequences were inferred using Information Criterion (BIC) was used as the model selection criterion. within each host genome were reconstructed using FastTree 2.1.9 with a GTR+CAT Ecol. Evol. 27, 627-636 (2012) . Gene, the EnvV Syncytin, Captured for a Function in Placentation. PLOS Genet. -468 (1985) . Genet.10, e1004559 (2014). Virology 255, 207-213 (1999) . Syst. Biol. 56, 564-577 (2007) . 
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